Pemetrexed, approved for the treatment of non-small cell lung cancer and malignant mesothelioma, has adverse effects including neutropenia, leucopenia, thrombocytopenia, anemia, fatigue and nausea. The results we report here represent the first genome-wide study aimed at identifying genetic predictors of pemetrexed response. We utilized expression quantitative trait loci (eQTLs) mapping combined with drug-induced cytotoxicity data to gain mechanistic insights into the observed genetic associations with pemetrexed susceptibility. We found that CTTN and ZMAT3 expression signature explained >30% of the pemetrexed susceptibility phenotype variation for pemetrexed in the discovery population. Replication using PCR and a semihigh-throughput, scalable assay system confirmed the initial discovery results in an independent set of samples derived from the same ancestry. Furthermore, functional validation in both germline and tumor cells demonstrates a decrease in cell survival following knockdown of CTTN or ZMAT3. In addition to our particular findings on genetic and gene expression predictors of susceptibility phenotype for pemetrexed, the work presented here will be valuable to the robust discovery and validation of genetic determinants and gene expression signatures of various chemotherapeutic susceptibilities.
INTRODUCTION
As a multitargeted antifolate agent, pemetrexed is used in the treatment of malignant mesothelioma and advanced non-small cell lung cancer alone or in combination with cisplatin (1, 2) . Pemetrexed hinders RNA and DNA synthesis by inhibiting three enzymes in the nucleotide biosynthetic pathway, including thymidylate synthase (TYMS), dihydrofolate reductase (DHFR) and glycinamide ribonucleotide formyltransferase (GART) (3) . Commonly observed adverse reactions to pemetrexed treatment include neutropenia, leucopenia, thrombocytopenia, anemia, fatigue, nausea and vomiting (4) . Vitamin B12 and folic acid administration have been included in pemetrexed-based therapies to decrease toxicity (5) ; but even with the addition of these nutrients, potentially lifethreatening complications induced by pemetrexed have been observed, including grade 3/4 neutropenia (4), acute myocardial infarction (6) and acute renal failure (7, 8) .
Candidate gene studies have demonstrated that lower levels of TYMS, DHFR, GART and multidrug resistance-associated protein 4 (MRP4) gene expression are correlated with pemetrexed sensitivity in 18 different tumor cell lines explanted from patients (9) . In addition, homocysteine and methylmalonic acid, indicators of folate and vitamin B12 deficiency, have been identified as predictive markers for pemetrexed-induced toxicity (10) . In a separate study, elevated plasma homocysteine concentrations are reported to be associated with increased risk of hematological toxicity in pemetrexed-treated patients (11) . However, genome-wide studies aimed at identifying genetic predictors of differential pemetrexed response spanning the range from severe toxicity to no toxicity as well as differentiating responders and non-responders have not been reported.
Previous studies have utilized human cell-based models for pharmacogenomic discovery and validation (12) . Although these models come with their own limitations (e.g. tissue † The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors. * To whom correspondence should be addressed at: 900 East 57th Street, KCBD7100, University of Chicago, Chicago, IL 60637, USA. Tel: +1 7737024441; Fax: +1 7737029268; Email: edolan@medicine.bsd.uchicago.edu specificity), the experimental ease of using such models for the evaluation of genetic factors contributing to variation in response to highly toxic drugs makes them a suitable platform for pharmacogenomic discovery (12) . The International HapMap human lymphoblastoid cell lines (LCLs) offer an unlimited resource of extensively genotyped cell lines for genotype -phenotype studies. Utilizing the LCL system, our group has developed a genome-wide approach that integrates genotypes (SNPs), gene expression and drug response phenotypes to identify genetic factors, including SNPs and CNVs, and gene expression signatures associated with chemotherapeutic susceptibility (13) (14) (15) (16) . Some of the genetic variants we identified using this in vitro approach have shown utility in predicting clinical patients' outcome (17, 18) . Furthermore, the cell model system has been used by multiple groups to functionally validate genetic variants from genome-wide association studies (GWASs) found to be associated with clinical outcomes (19, 20) . In this study, we present an integrative approach that assimilates recent progress in genome-wide association, the genomic regulation of gene expression and siRNA technology to validate important genes associated with susceptibility to pemetrexed toxicity ( Fig. 1) . We identified the expression signatures of actin-binding protein, cortactin (CTTN), and p53-associated protein, ZMAT3, as potential predictors for pemetrexed response. The results we report here are composed of a genome-wide study aimed at identifying genetic determinants of susceptibility to pemetrexed-induced toxicity. Aside from the potential clinical impact of our specific study results, the integrative approach we describe here will be valuable for future efforts aimed at the robust discovery and validation of pharmacogenomic findings.
RESULTS

Pemetrexed-induced cytotoxicity
LCLs from 84 HapMap CEU population were phenotyped for cellular sensitivity to pemetrexed using a short-term, colorimetric growth inhibition assay. The percent survival was determined at six different concentrations of pemetrexed (0.02, 0.10, 0.50, 1, 5 and 10 mM) for each cell line. Area under the curve (AUC) was then calculated from the survival curve, obtained by fitting percent survival against drug concentration, using the trapezoidal rule and was used as phenotype. The largest inter-individual variation in area under the survival curve was attributable to the first three concentrations (0.02, 0.10 and 0.50 mM); we thus used this modified AUC as phenotype. The mean (standard deviation) of the log 2 AUC in the CEU samples was found to be 5.29 (+0.10 [%mM]). Figure 1 illustrates a schematic of how the data were analyzed and the inset shows the distribution of log 2 AUC values in the CEU samples.
Genome-wide study of pemetrexed-induced cytotoxicity
A GWAS was performed, using quantitative trait disequilibrium test (QTDT) (21) , to identify SNPs associated with cellular sensitivity to pemetrexed. SNPs with minor allele frequency .5%, no Mendelian errors and in Hardy -Weinberg equilibrium (P . 0.001) were included in the association analysis. Genomic control lambda (l GC ) (22) was calculated as the median of all genome-wide observed test statistics divided by the expected median under the null hypothesis; in our study, l GC was found to be 1.02. Supplementary Material, Figure S1 is a Manhattan plot showing the results of the GWAS. We identified 843 SNPs associated with pemetrexed sensitivity at the P , 0.0001 threshold. This loose threshold was chosen to filter SNPs to carry forward into a second stage. Although this threshold clearly falls short of genomewide significance, we used it only as an SNP selection process to identify SNPs to evaluate using increasingly more stringent statistical and increasingly more relevant biological criteria.
Using Haploview (23), we found that the top 843 pemetrexed SNP associations fell into 224 linkage disequilibrium (LD) blocks (r 2 , 0.8). Supplementary Material, Figure S2 illustrates the LD pattern in the region centered at the SNP found to be the most significantly associated with pemetrexed sensitivity.
Evaluation of eQTLs
In order to assess the biological relevance of the top SNP findings from our GWAS, we evaluated the effect of each of the 843 SNPs on global gene expression. Baseline gene expression using Affymetrix exon array of all CEU samples was previously published (24) . We annotated the top SNPs with functional information for their relationship with baseline gene expression (see Supplementary Material, Table S1 ) (25) . All of our top SNPs were evaluated for the likelihood of being eQTLs compared with a random set of SNPs in the genome that match the minor allele frequency distribution of the pemetrexed-associated SNPs (26) . Figure 2A shows the result of an eQTL enrichment analysis we conducted on the top pemetrexed SNPs. We identified 128 SNPs associated with gene expression at P , 0.0001, which is a highly significant enrichment relative to frequency-matched SNPs for expression-associated SNPs among the top pemetrexed SNPs. See Materials and Methods for details of the enrichment analysis. We conducted additional bioinformatics analyses on these 128 expression-associated SNPs. We queried SNP Function Portal (27) , which analyzes the genomic sequences containing the SNP alleles to identify potentially affected transcriptional factor-binding sites, and found that 124 of the 128 SNPs are annotated as 'TRANSFAC Binding Site', suggesting a potential mechanism for the transcriptional effects of these (pemetrexed-associated) SNPs.
Supplementary Material, Figure S3 shows the genomic locations of the top susceptibility loci that were observed to be eQTLs. Furthermore, we observed that the top susceptibility SNPs are more likely to be eQTLs regulating the expression of 10 or more genes than a random set of frequency-matched SNPs as illustrated in Figure 2B . These might be considered 'master regulators'. Figure 2C illustrates an example of a master regulator, rs10864333, including 31 associated genes (P , 0.0001).
Human Molecular
Relationship between gene expression and pemetrexed sensitivity Target genes are defined as genes whose expression level is associated with the genotype of an SNP, the SNP referred to as an eQTL. We hypothesized that some proportion of the target genes resulting from the evaluation of the pemetrexedand expression-associated SNPs were correlated with cellular sensitivity to pemetrexed, thereby providing us with a mechanistic hypothesis for the observed SNP associations. We conducted regression analysis between the expression of each target gene and pemetrexed AUC, as measured in the CEU cell lines. We used the Toeplitz covariance model with two diagonal bands in the regression analysis due to the relatedness of the HapMap samples (trio structure), as previously described (28) . Supplementary Material, Table S2 lists the top target gene expression correlations (P , 0.0001) with pemetrexed AUC.
Identifying gene expression signatures associated with pemetrexed-induced cytotoxicity.
Combining genotypes, cytotoxicity (AUC) and the expression of target genes for eQTLs, we narrowed down the list of genes to carry forward for further functional validation using the following strategy: among the 128 expression-associated SNPs (P , 0.0001), 83 within 30 LD blocks were significant for association with gene expression (at P , 3.8 × 10
26
, based on the total number of tested genes). Of these, 37 eQTLs within 9 LD blocks (Table 1) were associated with pemetrexed AUC along with the correlation of 21 target gene expressions with pemetrexed AUC (Table 2 ) (P , 0.0001). All 21 target genes resulted from trans associations. Among the top pemetrexed SNPs (P , 0.0001), we did identify 20 potential putative cis-acting eQTLs (at a loose threshold P , 0.01 with the expression of nearby gene within 4 Mb) for which the (cis) target gene was also correlated with pemetrexed AUC (P , 0.05); see Supplementary Material, Table S3 . Based on the known function of these 21 genes and the P-value of the associations, we chose CCND1, CTTN and ZMAT3 for further replication.
Replication of gene expression -pemetrexed AUC associations in LCLs
To replicate the correlation between gene expression and pemetrexed response, we quantified three gene expression levels using real-time PCR and pemetrexed cytotoxicity assay in a sample set consisting of 52 independent Caucasian LCLs from the Centre d' Etude du Polymorphisme Humain Step 1: 843 SNPs (224 LD blocks) were found to be associated, at a loose threshold (P , 0.0001), with pemetrexed AUC from a GWAS analysis.
Step 2: Of these 843 SNPs, 128 SNPs were identified as associated with the expression of a gene at P , 0.0001 (Step 2a), but at a more stringent threshold (P , 3.8 × 10 26 ), 83 eQTLs within 30 LD blocks were significant for association with 61 gene expression (Step 2b).
Step 3: Of these 83 eQTLs, 37 SNPs within 9 LD blocks (see Table 1 ) were associated with pemetrexed AUC through association with 21 gene expression traits (see Table 2 ) (P , 0.0001). Based on the known function of these 21 genes and the P-value of the associations, we chose CCND1, CTTN and ZMAT3 for further replication and validation. Inset: Phenotype distribution of pemetrexed phenotype. Histogram of the distribution of AUC values for pemetrexed in the set of HapMap CEU samples.
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(52 CEPH). The significant correlation between ZMAT3 and pemetrexed-induced cytotoxicity (AUC) and that between CTTN and pemetrexed-induced cytotoxicity (AUC) were both successfully replicated (P ¼ 0.0014 and P ¼ 0.0026, respectively; Fig. 3 ). Consistent in both the discovery and the replication sample sets, higher CTTN or ZMAT3 expression levels were found to be associated with resistance to pemetrexed (or higher percent survival). However, CCND1 mRNA level was not associated with pemetrexed cytotoxicity (AUC) in the 52 CEPH validation cell lines (P ¼ 0.86) (data not shown). We, therefore, focused on CTTN and ZMAT3 for additional functional validation.
Linear modeling to quantify the impact of the two-gene expression signature
A linear model was constructed with log 2 -transformed AUC as the dependent variable. Independent variables included log 2 -transformed CTTN and ZMAT3 expression levels. The adjusted r 2 estimate was calculated for the linear model. In the CEU population, the two-gene expression signature explained 30.6% of the susceptibility phenotype variation for pemetrexed. Furthermore, our two-gene model was found to be significantly better than the null model (P ¼ 1.4 × 10
27
). The two gene expression traits were modestly correlated in the CEU samples (Pearson correlation 0.69). We constructed a similar linear model using quantitative PCR expression levels in the independent replication set of 52 CEPH samples. This analysis yielded 29.6% as the proportion of the variance in the phenotype explained by the two genes alone. Table 3 summarizes the results of this analysis in the discovery CEU samples and in the replication CEPH samples. In particular, the two-gene expression signature from the multivariate analyses provided a more robust predictive model than the single-gene signatures from the univariate analyses; the percent of phenotypic variation explained by the two-gene model had less variability between the discovery and the replication sets.
We examined the association of CTTN and ZMAT3 (separately) with other cellular phenotypes: ZMAT3 and CTTN were associated with growth rate (P ¼ 0.01 and P ¼ 0.003, respectively). However, after conditioning on growth rate, ZMAT3 and CTTN were still significantly associated with pemetrexed-induced cytotoxicity (P ¼ 9.49 × 10 26 and P ¼ 7.54 × 10 26 , respectively). We checked for the effects of EBV transformation on CTTN and ZMAT3 expression. Consistent with a recent comprehensive study (29) of the effects of cell transformation on gene regulation, the expression level for either gene was not among those found to be significantly associated with baseline EBV copy number. Figure 2 . eQTL enrichment analysis and master regulator enrichment analysis of all pemetrexed-associated SNPs at P , 0.0001. (A) Distribution of eQTL (expression P , 0.0001) count in 1000 simulations, each matching the MAF distribution of the chemotherapeutic susceptibility-associated SNPs (chemotherapeutic susceptibility P , 0.0001). The black dot is the observed eQTL count in the chemotherapeutic susceptibility-associated SNPs. (B) Distribution of master regulator count in 1000 simulations. A master regulator is defined to be an SNP that predicts the expression of 10 or more genes (eQTL P , 0.0001). The black dot is the observed master regulator count in the chemotherapeutic susceptibility-associated SNPs. (C) An example of a master regulator SNP (rs1086433) and 31 target genes (P , 0.0001) is shown. The distance between nodes reflects the strength of the association between the SNP genotype and gene expression levels: the closer the gene is to the SNP, the higher the correlation between the SNP genotype and gene expression.
Sensitization of LCLs and lung tumor cell lines to pemetrexed by reduction in CTTN and ZMAT3 expression levels
To validate the role of CTTN and ZMAT3 in cellular sensitivity to pemetrexed, we knocked down CTTN and ZMAT3 mRNA, respectively, in the LCL system using siRNA. LCL line GM12718 was randomly chosen from 52 CEPH and was transfected with H 2 O control, scramble siRNA control, siRNA targeting either CTTN or ZMAT3. After 18 h recovery at 378C, transfected cells were treated in triplicates with increasing concentration of pemetrexed for 72 h. Percentage of cell survival was measured using CellTiter-Glo (Promega). At 24, 48, 72 h post-transfection, cells were collected for mRNA reduction measurement. Relative to H 2 O transfection control, mRNA levels of CTTN were reduced to 28, 48 and 66% at 24, 48 and 72 h post-transfection, whereas mRNA levels of ZMAT3 were reduced to 63% at 48 h. Compared with H 2 O or scramble control, GM12718 cells with knockdown of CTTN or ZMAT3 mRNA levels were significantly more sensitive to pemetrexed treatment (drop 5 -15% in survival at different concentrations, P , 0.05) (Fig. 4) . These observed knockdown effects are consistent with our correlation results in the CEU discovery and replication samples: higher CTTN or ZMAT3 level confers resistance to pemetrexed.
To investigate whether CTTN and ZMAT3 contribute to pemetrexed drug response in an NSCLC cell line, A549 cells were transfected with siRNA against each gene. After recovering for 24 h, transfected cells were treated with increasing concentration of pemetrexed in triplicates. Relative to H 2 O transfection control, mRNA levels at 24, 48 and 72 h post-transfection of CTTN were reduced to 17, 28 and 45%, whereas mRNA levels of ZMAT3 were reduced to 25, 41 and 65%, respectively. We detected only a modest reduction of A549 cells survival rate with reduced CTTN and ZMAT3 levels at 72 h (a decrease of ,5% in survival compared with control, data not shown). However, after 6 days of pemetrexed exposure, we detected a consistent decrease ( 15%, P , 0.05) across three independent experiments of cell survival in the siRNA CTTN-and siRNA ZMAT3-treated samples exposed to ≥0.5 mM pemetrexed treatment (Fig. 5) . These findings in the cancer cell line are consistent with our correlation results in the CEU samples and the gene knockdown results in the LCL cells.
DISCUSSION
We performed a comprehensive investigation of about 2 million SNPs throughout the human genome for their associations with sensitivity to pemetrexed in LCLs derived from Caucasian descent. SNPs identified through this genome-wide association analysis with cellular sensitivity were evaluated for their role in the regulation of transcriptional expression. At the threshold P , 3.8 × 10
26 with gene expression, 83 pemetrexed-associated putative eQTLs were identified of which 21 target gene expression traits (37 SNPs) were correlated with pemetrexed-induced cytotoxicity (P , 0.0001). We prioritized CCND1, CTTN and ZMAT3 out of the 21 target genes for further functional validation. CTTN and ZMAT3 were successfully replicated in an independent Caucasian population for correlation between gene expression and cellular sensitivity to drug, but not CCND1. Using siRNA gene knockdown, we demonstrated that reducing CTTN and ZMAT3 gene levels sensitized LCLs and non-small cell lung cancer cells (A549) to pemetrexed treatment.
Our comprehensive genome-wide analysis led to the identification of 843 SNPs that were enriched for expression quantitative trait loci (eQTLs) compared with frequency-matched SNPs. Particularly, among the top susceptibility SNPs, we identified 128 eQTLs and 46 'master regulators', defined as eQTLs associated with 10 or more gene expression traits. It has been shown that annotating SNPs with information on how a locus affects transcriptional expression has great utility in enhancing the ability of GWAS to identify SNPs likely to be reproducible (30) . Furthermore, SNPs associated with chemotherapeutic drug susceptibility have been found to be significantly enriched for eQTLs (26) . In the current study, we found that SNPs associated with transcript levels as eQTLs are important regulators of pemetrexed-induced response, as demonstrated by the observed enrichment for eQTLs among the top susceptibility loci. To gain insights into how gene expression signatures contribute to pemetrexed response, we built a screening strategy and verified two gene expression traits as significant predictors of response to pemetrexed treatment, namely CTTN and ZMAT3. Actin-binding protein CTTN promotes cell migration and metastasis by facilitating actin filaments branching within cell motility structures, such as at lamellipodia and invadopodia (31) . The CTTN gene maps to chromosome 11q13 region, the amplification of which is frequently observed in different cancers and is linked to poor prognosis in head and neck squamous cell carcinoma (HNSCC) patients and breast cancer patients (32) (33) (34) . Elevated CTTN has been reported in seven different human malignancies (32) . High expression levels of CTTN correlate with poor patient survival rate, high tumor metastasis and high tumor recurrence in HNSCC (35 -37) , estrogen receptor-negative breast cancers (38) , gastric cancer (39) and colorectal adenocarcinoma (40) . Furthermore, CTTN over-expression also increased drug resistance of HNSCC cells to geftinib, an epidermal growth factor receptor (EGFR) inhibitor (41), due to its participation in EGFR endocytosis (42, 43) . Our data also showed that high expression of CTTN was correlated with pemetrexed resistance. In contrast, CTTN levels were not correlated with the outcome of breast cancer patients being treated with anthracycline-based chemotherapy (44) , suggesting that CTTN affects response to some chemotherapeutic agents but not others. In the case of lung cancers, two recent studies have shed some light on the possible association between CTTN and lung adenocarcinoma: in 90 cases of lung adenocarcinoma (a subtype of non-small cell lung cancer) patients, tumors with CTTN localized on the matrix contacting side of invadopodia were correlated with poor patient outcome (45) . A second study showed that microRNA-182 may have reduced invasiveness and proliferation rate of lung adenocarcinoma cell line A549 by reducing the expression level of CTTN (46) . Along with the results from these two studies, our results propose a new role of CTTN in NSCLC cell response to pemetrexed. Even though the exact mechanism by which CTTN influences cell response to pemetrexed is not clear, our findings indicate that the expression level of CTTN is associated with an eQTL, suggesting that patients with a given genotype may be more likely to be resistant to pemetrexed.
In addition to CTTN, we also validated the role of ZMAT3 (a zinc finger protein, also known as Wig-1 or PAG608) as a protein whose expression correlates with cellular resistance to pemetrexed. ZMAT3 has been shown to be a p53-regulated protein due to the presence of a functional p53-binding motif in the ZMAT3 promoter region and the induction of ZMAT3 in response to p53 activation (47) . ZMAT3 stabilizes p53 mRNA by binding to an AU-rich element in the 3 ′ -UTR . Cytotoxicity was measured 6 days after pemetrexed exposure and %cell survival is relative to no drug treatment controls following knockdown of CTTN (C) and ZMAT3 (D). Error bars indicate standard errors of six data points of two independent experiments. P-values were calculated using paired t-test comparing siCTTN or siZMAT3 %survival curve to either H 2 O control ( * ) or scramble control ( * * ) survival curve. P-values ,0.05 were considered statistically significant. Figure 5 . Effect of CTTN and ZMAT3 knockdown on mRNA gene expression and A549 cellular sensitivity to pemetrexed. Following transfection with water, scramble and siRNA targeting CTTN or ZMAT3, the effect on gene expression and pemetrexed-induced cytotoxicity were determined. mRNA levels were measured 24, 48 and 72 h post-siRNA or water transfection for CTTN (A) or ZMAT3 (B). Cytotoxicity was measured 6 days after pemetrexed exposure and %cell survival is relative to no drug treatment controls following knockdown of CTTN (C) and ZMAT3 (D). Error bars for cytotoxicity and mRNA levels indicate standard errors of three independent experiments. P-values were calculated using paired t-test comparing siCTTN or siZMAT3 %survival curve to either H 2 O control ( * ) or scramble control ( * * ) survival curve. P values ,0.05 were considered statistically significant. 48) , thereby taking part in a positive feedback loop with p53.
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However, accumulating evidence has demonstrated that ZMAT3 may have p53-independent roles. First, ZMAT3 is expressed in all cell types, including cells lacking p53 (47) . Second, an oncogenic role of ZMAT3 is also suggested due to its location in a region amplified in nine different human malignancies (47) . Third, tumor cell growth is inhibited through both over-expression and knockdown of ZMAT3 (49, 50) . Importantly, ZMAT3 has been shown to bind microRNA-like short RNAs, suggesting a potential role of ZMAT3 in microRNA function, and may influence cell response to chemotherapeutic drug through the regulation of other key microRNAs (51) . The suggested p53-independent role of ZMAT3 may explain our observation that decreased expression of ZMAT3, a p53-positive effector/regulator, increases cell death in response to a chemotherapeutic drug. Pemetrexed is frequently used in combination with cisplatin as a first-line treatment for patients with advanced nonsquamous NSCLC (1). Thus, identifying genetic signatures associated with both pemetrexed and cisplatin response rather than signatures associated with pemetrexed alone has broader clinical applications. In fact, in our CEU discovery population, higher CTTN and ZMAT3 expression levels were also significantly associated with cellular resistance to cisplatin (P ¼ 0.01 and P ¼ 0.002 respectively, www.pacdb. org) (52) , suggesting that CTTN and ZMAT3 may be predictive of patient response to the combination of pemetrexed and cisplatin.
In summary, we report here a genome-wide study whose purpose is to identify genetic predictors of pemetrexed therapeutic response. We demonstrated that eQTLs are important regulators of cellular sensitivity to pemetrexed exposure likely through their influence on the expression levels of target genes such as CTTN and ZMAT3. Identifying siRNA knockdown in both LCLs and cancer cell lines that impacts cellular sensitivity to pemetrexed implies that germline genetic variants may influence tumor response to pemetrexed. The expression levels of CTTN and of ZMAT3 are effective biomarkers with potential clinical relevance for predicting NSCLC patients' response to pemetrexed treatment.
MATERIALS AND METHODS
Cell lines and drugs
LCLs derived from 30 CEPH trios (n ¼ 90) from Utah residents with ancestry of Northern and Western Europe (I) (HapMap CEU phase I) were used as the discovery set CEU in the association study (panel HAPMAPPT01). Six cell lines of CEU population were excluded from the study due to low viability (,85%). They included GM10855, GM10856, GM11829, GM12236, GM12716 and GM12750. An additional 52 non-HapMap CEU phase II CEPH (52CEPH) cell lines were used to validate gene expression (53) . All LCL lines were purchased from the Coriell Institute for Medical Research (Camden, NJ, USA) and maintained in RPMI 1640 media (Mediatech, Herndon, VA, USA) supplemented with 15% fetal bovine serum (HyClone, Logan, UT, USA) and 1% L-glutamine (Mediatech). The LCLs were diluted to a concentration of 350 000 cells/ml three times a week and maintained at 378C in 95% humidified atmosphere with 5% CO 2 .
A non-small cell lung cancer cell line A549 was purchased from ATCC (www.atcc.org). A549 cells were maintained in RPMI 1640 media (Mediatech) supplemented with 15% fetal bovine serum (HyClone) and 1% L-glutamine (Mediatech). The A549 line was diluted to 20 -30% confluency ( 6 × 10 3 /cm 2 ) three times a week and maintained at 378C in 95% humidified atmosphere with 5% CO 2 .
Pemetrexed disodium (CAS: 150399-23-8) was a gift from the Eli Lilly Corporation (Indianapolis, IN, USA) . Phosphatebuffered saline (PBS), pH 7.4, was purchased from Life Technologies, Inc. (Carlsbad, CA, USA).
Cytotoxicity assay
In CEU and 52 CEPH cell lines, AlamarBlue w (Life Technologies) was used to measure cellular sensitivity to pemetrexed. LCLs in exponential growth phase with .85% viability, as determined utilizing the Vi-Cell XR viability analyzer (Beckman Coulter, Fullerton, CA, USA), were plated in triplicate at a density of 1 × 10 5 cells/ml in 96-well roundbottom plates (Corning, Inc., Corning, NY, USA). Twentyfour hours after plating, drug stock was prepared by dissolving pemetrexed in PBS and sonicated at room temperature for 5 min. Cell lines were treated with either vehicle PBS or a concentration of pemetrexed (0, 0.02, 0.1, 0.5, 1, 5, 10 mM in PBS) for 72 h. AlamarBlue w was added 24 h prior to absorbance reading at wavelengths of 570 and 600 nm using the Synergy-HT multi-detection plate reader (BioTek, Winooski, VT, USA). Percent survival was quantified using manufacturers' protocol (http://www.biotek.com/products/). Final percent survival was ascertained by averaging at least six replicates from two independent experiments.
Evaluation of the effect of siRNA knockdown of CTTN and ZMAT3 in LCL A CEU-derived LCL, GM12718, was diluted to 5 × 10 5 cells/ ml 24 h before transfection. siRNA transfections were performed using the Amaxa 96-well Nucleofector Shuttle System (Lonza, Gathersburg, MD, USA). Specifically, GM12718 cells (1.5 × 10 6 ) were collected and resuspended in 18 ml of SF plus supplemental (Lonza) and mixed with either 2 ml of H 2 O, 2 mM Alexa-488-labeled Qiagen All Star siRNA-negative control (Qiagen, Germantown, MD, USA) or 2 mM siRNA targeting either CTTN (Hs_CTTN_5) or ZMAT3 (Hs_WIG1_6) (Qiagen) per well in a 96-well nucleofection plate. Cell-siRNA mixes were then electroporated using electrical parameter DN-100 (Lonza, proprietary). After electroporation, cells were allowed to sit in 96-well plates for 5 min and then were diluted with 85 ml of warm (378C) RPMI 1640 media. After a 10 min rest, the cells were plated in 96-well round-bottom plates (Corning, Inc.) in triplicate at 10 000 cells/well and returned to the incubator. After 18 h, the cells were treated with either vehicle PBS or a dose of pemetrexed (0.02, 0.1, 0.5, 1, 5, 10 mM in PBS) for 72 h. Cytotoxicity effects after transfection were measured 72 h post-pemetrexed drug treatment using CellTiter-Glo, a luminescent cell viability assay (Promega, Madison, WI, USA). ) were collected and resuspended in 18 ml of SF plus supplemental (Lonza) and mixed with either 2 ml of H 2 O, 2 mM Alexa-488-labeled Qiagen All Star siRNA-negative control (Qiagen) or 2 mM siRNA targeting either CTTN (Hs_CTTN_5) or ZMAT3 (Hs_WIG1_6) (Qiagen) per well in a 96-well nucleofection plate. CellsiRNA mixes were then electroporated using electrical parameter DN-100 (Lonza, proprietary). After electroporation, cells were allowed to sit in 96-well plates for 5 min and then were diluted with 85 ml of warm (378C) RPMI 1640 media. After a 10 min rest, the cells were plated in 96-well flat-bottom plates (E&K Scientific, Santa Clara, CA, USA) in triplicate at 1000 cells/well and returned to the incubator. After 24 h, the cells were treated with either vehicle PBS or a dose of pemetrexed (0.02, 0.1, 0.5, 1, 5, 10, 50 mM in PBS) for 6 days. Cytotoxicity effects after transfection were measured 6 days postpemetrexed drug treatment using CellTiter-Glo, a luminescent cell viability assay (Promega).
At the time of cell titer measurement, plates were allowed to reach room temperature for 15 min. Cells were mixed thoroughly by pipetting with equal volume of CellTiter Glo reagent (Corning, Inc.) and then incubated at room temperature for 30 min. Luminescence at 100 nm was read using the Synergy-HT multi-detection plate reader (BioTek). Percentage of cell survival rates was made with the raw values of luminescence to gain a relative value comparing drug treatment with the control wells.
Quantitative PCR to measure CTTN and ZMAT3 mRNA expression levels after siRNA knockdown Applied Biosystem TaqMan primer sets were used to quantify mRNA expression of CTTN, CCND1 and ZMAT3 (CTTN: Hs01124222_m1 for 52 CEPH validation set; Hs00193322_ml for siRNA-treated samples, ZMAT3: Hs00536976_ml, CCND1: Hs00765553_m1, Applied Biosystems, Foster City, CA, USA). A total of 5 × 10 6 cells were pelleted and washed in PBS at 48C. Total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen, Inc.). mRNA was reverse-transcribed to cDNA using Applied Biosystems HighCapacity Reverse Transcription Kit. Real-time PCR of each gene was compared relative to the housekeeping gene huB2M (NM_004048.2, Applied Biosystems, Cat no. 4326319E) as endogenous control on the Applied Biosystems 7500 real-time PCR system. The cycling conditions were 958C for 20 s, then (958C for 3 s, 608C for 30 s) for 40 cycles using fast ramping. A relative standard curve method was used to obtain the relative gene expression. In each experiment, all the reactions were performed in triplicate. For gene expression in the 52 CEPH validation set, the average of two experiments performed on the sample cell pellet was used in the analysis. For gene expression in the siRNA-treated sample, the average of three independent experiments was used in the analysis.
Statistical analysis and visualization
GWAS was performed using QTDT (21) . Regression analyses, including the relationship between pemetrexed AUC and gene expression levels, were performed in R, http://www.r-project. org/). To test for enrichment of eQTLs among the top pemetrexed-associated SNPs (P , 0.0001), we generated 1000 random sets of SNPs from the set of HapMap CEU SNPs, each with matching minor allele frequency distribution as the set of the most significantly associated SNPs. For each such random set, the number of eQTLs was calculated, yielding a distribution showing the expected count. The ratio of the difference between the observed count and the expected count to the standard deviation of the distribution provides a measure of the magnitude of the enrichment (i.e. an empirical P-value for the enrichment) (26) . The package lm was used to fit linear models. For visualization of the relationships between a master regulator eQTL and its target genes, the open-source software Cytoscape was used.
